Previously, using positron emission tomogra phy (PET), we showed that local cerebral metabolic rates for glucose (lCMRglc) in children undergo dynamic mat urational trends before reaching adult values. In order to develop an animal model that can be used to explore the biological significance of the different segments of the lCMRglc maturational curve, we measured lCMRglc in kit tens at various stages of postnatal development and in adult cats using quantitative [14C]2-deoxyglucose autora diography. In the kitten, very low lCMRg1c levels (0.14 to 0. 53 f.Lmol min -I g -I ) were seen during the first 15 days of life, with phylogenetically older brain regions being generally more metabolically mature than newer struc tures. After 15 days of age, many brain regions (particu larly telencephalic structures) underwent sharp increases of lCMRglc to reach, or exceed, adult rates by 60 days. This developmental period (15 to 60 days) corresponds to the time of rapid synaptic proliferation known to occur in the cat. At 90 and 120 days, a slight decline in lCMRglc Using positron emission tomography (PET), we have previously described the distribution and ab solute rates of local cerebral glucose utilization in the normal human brain from birth to adulthood (Chugani and Phelps, 1986; Chugani et al., 1987) . Our findings indicated that although the adult pat tern in the distribution of cerebral glucose utiliza tion is reached by about 1 year of age, local cerebral Abbreviations used: BHB, f3-hydroxybutyrate ; 2DG, 2deoxyglucose; PET, positron emission tomography .
Summary: Previously, using positron emission tomogra phy (PET), we showed that local cerebral metabolic rates for glucose (lCMRglc) in children undergo dynamic mat urational trends before reaching adult values. In order to develop an animal model that can be used to explore the biological significance of the different segments of the lCMRglc maturational curve, we measured lCMRglc in kit tens at various stages of postnatal development and in adult cats using quantitative [14C]2-deoxyglucose autora diography. In the kitten, very low lCMRg1c levels (0.14 to 0. 53 f.Lmol min -I g -I ) were seen during the first 15 days of life, with phylogenetically older brain regions being generally more metabolically mature than newer struc tures. After 15 days of age, many brain regions (particu larly telencephalic structures) underwent sharp increases of lCMRglc to reach, or exceed, adult rates by 60 days. This developmental period (15 to 60 days) corresponds to the time of rapid synaptic proliferation known to occur in the cat. At 90 and 120 days, a slight decline in lCMRglc Using positron emission tomography (PET), we have previously described the distribution and ab solute rates of local cerebral glucose utilization in the normal human brain from birth to adulthood (Chugani and Phelps, 1986; Chugani et al., 1987) . Our findings indicated that although the adult pat tern in the distribution of cerebral glucose utiliza tion is reached by about 1 year of age, local cerebral was observed, but this was followed by a second, larger peak occurring at about 180 days, when sexual matura tion occurs in the cat. Only after 180 days did ICMRglc decrease to reach final adult values (0.21 to 2.04 f.Lmol min -I g -I ) . In general, there was good correlation be tween the metabolic maturation of various neuroanatom ical regions and the emergence of behaviors mediated by the specific region. At least in the kitten visual cortex, which has been extensively studied with respect to de velopmental plasticity, the "critical period" corre sponded to that portion of the lCMRg1c maturational curve surrounding the 60-day metabolic peak. These nor mal maturational ICMRglc data will serve as baseline val ues with which to compare anatomical and metabolic plasticity changes induced by age-related lesions in the cat. Key Words: Cerebral glucose utilization-Brain de velopment-Positron emission tomography-Auto radiography-Plasticity-Cat. metabolic rates for glucose (lCMR g lc) in most brain areas undergo dynamic maturational changes over a rather protracted period. The typically low neonatal values of ICMR g lc rapidly increase from birth and begin to exceed adult values in the second and third postnatal year. By about 4 years, a plateau is reached that extends until about 9 years; following this, there is a gradual decline in ICMR g lc to reach adult values by the end of the second decade. The relative increase in ICMR g lc over adult values is most pronounced in neocortical regions, which at their peak have over a twofold higher ICMR g lc than corresponding adult values. Phylogenetically older structures (e.g., brainstem and cerebellum), how ever, do not show a significant increase in ICMR g lc over adult values and are relatively metabolically mature even at birth. Intermediate increases in ICMRglc over adult values occur in a number of sub cortical structures such as the basal ganglia and thalamus. Taken together, there appears to be a hi erarchical ordering of structures in terms of the de gree to which maturational increases in ICMRglc ex ceed adult values.
Although these developmental trends of ICMRglc may be associated with periods of maximal brain plasticity during development, the biological signif icance of the various segments of the metabolic maturational curve is yet to be determined. It is clear that if the ontogeny of ICMRglc (and other met abolic parameters) can be related to anatomical as pects of vulnerability to cerebral damage and func tional recovery in a suitable animal model, this re lationship could be extrapolated to humans and allow for the noninvasive determination of the max imal plasticity period of various brain regions using PET. This issue is of particular significance in chil dren with medically refractory epilepsy, where large cerebral resections to remove the epileptic fo cus have been successfully performed (Hoffman et aI., 1979; Chugani et aI., 1988; Tinuper et aI., 1988) . We have developed a cat-kitten model demonstrat ing the anatomical and behavioral changes that oc cur after hemispherectomy (e.g., see Villablanca et aI., 1986a Villablanca et aI., , b, 1988 . Therefore, in order to establish age-related ICMRglc norms that can subsequently be used in studies of lesion-induced plasticity in this animal model, we have measured lCMRglc using quantitative e4C]2-deoxyglucose (2DG) autoradiog raphy in developing kittens at various ages and in adult cats. We selected to study the kitten for the following reasons: (i) The brain maturational time course in the kitten overlaps with that of humans and allows for easy comparison between the two species in developmental studies (Parmelee and Sig man, 1983) . At birth, the maturational state of the kitten is comparable to that of an infant at 24-26 weeks gestation. The kitten's brain matures faster, such that at 3 weeks of age it is comparable to that of a baby born at term. By comparison, nonhuman primates are born relatively more mature (Passing ham et aI., 1983) whereas the brain of the rat is considerably less mature at birth (Kolb and Holmes, 1983; Almli, 1984) . (ii) The cat is an ad vanced mammal with a rich and extensively studied behavioral repertoire (see Olm stead, 1979, 1982) and thus allows for metabolic behavioral correlations. (iii) The 2DG method re quires cannulation of a vein and artery to allow 2DG administration and frequent arterial blood sampling (Sokoloff et aI., 1977) , a task not technically feasi ble in newborn rats and other small mammals.
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METHODS

Animal subjects
A total of 47 kittens and 7 adult cats were obtained from the Mental Retardation Research Center breeding colony at UCLA. The animals were offspring of cats obtained from local pounds or risen in the colony and therefore formed a "randomly bred" population. Most animals came from timed pregnancies and only kittens born from normal, term pregnancies and without congenital defects were used. For all purposes, the day of birth was consid ered as day O. The kittens were kept in whelping cages (82
x 112 x 84 cm) with their mothers until 56 days of age, whereupon they were housed in groups of up to seven animals in larger colony cages (120 x 88 x 168 cm). All kittens were monitored for the development of normal behavioral landmarks and deviant animals were excluded from the study. The following developmental time points were selected (days after birth): I (n = 2), 7 (n = 4), 15 (n = 5), 30 (n = 6), 45 (n = 6), 60 (n = 6), 90 (n = 6), 120 (n = 6), and 180 (n = 6).
Metabolic rate determinations
Measurements of ICMRglc were obtained using the 2DG method of Sokoloff et al. (1977) . Animals were anes thetized with halothane gas (l %), the femoral triangle was surgically exposed, and the femoral artery and vein were cannulated with polyethylene tubing (PE 50). After test ing the catheters to assure patency, local anesthesia (xy locaine HCI) was topically applied to the wound to min imize discomfort, and the skin sutured closed. The ani mals were then restrained with a loose-fitting padded plaster cast from the lower thorax to the abdomen, and by securing the hindlimbs to an aluminum splint. At least 3 h were allowed for recovery from anesthesia. During this time, the body temperature was thermostatically con trolled with a rectal probe and heating pad.
The 2DG (specific activity = 50-55 mCilmmol; New England Nuclear Corp.), in the amount of 100 !LCi kg-1 in 0.5-1 ml of normal saline, was administered over a 30-s period via the intravenous catheter. Timed arterial blood samples were drawn during the subsequent 45 min. Blood samples were immediately centrifuged in a Beckman Mi crofuge B, and the plasma separated and stored on ice until further analysis. One arterial blood sample was used to analyze pH and blood gases (P02' pe02) in order to insure a normal physiological state. The animals were monitored during the entire 45 min and their general be havior noted. If the kittens became drowsy (closing their eyes), they were awakened by a gentle tap to the nose. In order to insure a standardized and stable environment, the animals were otherwise not disturbed and noise in the laboratory was kept to a minimum.
At the end of the 45 min, the cat was killed with an intravenous overdose of pentobarbital, and the brain quickly removed and frozen in pulverized dry ice. The frozen brain was stored at -70°C, and subsequently coated with chilled embedding medium (Lipshaw) just prior to sectioning into 20 !Lm slices at -22°C in a cryostat (American Optical Cryo-Cut II). The sections were then autoradiographed together with calibrated e4C]methyimethacryiate standards (Amersham). Adja cent sections were taken and stained with thionin to assist in identification of anatomical regions on the autoradio grams.
The arterial plasma samples were assayed for concen-trations of (i) 2DG, by liquid scintillation counting; (ii) glucose, by means of a glucose analyzer (Beckman); (iii) �-hydroxybutyric acid (BHB); and (iv) lactate. Optical densities of 50 selected brain structures as identified in a standard cat brain atlas (Reinoso-Suarez, 1961) were de termined from the autoradiograms using a Sargent-Welch densitometer with a 0.25 mm aperture. For each struc ture, at least 10 readings were taken and averaged into one value. The optical densities, the 14C standard curve, the plasma glucose values, and the 2DG input function were used to calculate ICMRglc in fLmol min -I g-I using the operational equation of Sokoloff et al. (1977) . The lumped constant for cat has been estimated in Sokoloffs laboratory to be 0.411 (personal communication). In addition, selected two-dimensional autoradiographic images were digitized using a V AX DEC computer with ICMRglc calculated for each pixel. These images were subsequently color coded and arranged in a quadrant for mat, with each image standardized to one color bar ( Fig. 1 ).
Mea\)utement 0\ �\a\)ma ketone bodle\) and lactate
Plasma BHB concentrations (mgldl) were determi.ned by measuri.ng the reaction product of BHB and NAD cat alyzed by BHB dehydrogenase (Sigma Kit 310-A). The NADH generated was measured by absorbance at 340 nm.
Plasma lactate levels (mg/dl) were similarly determined by measuring NADH generated by the reaction of lactate and NAD catalyzed by lactate dehydrogenase .
Statistical analysis
In order to determine the developmental profile of ICMRglc, assuming that adult values would be the appro priate end point, ICMRglc for each age group was com pared to adult rates utilizing a one-way analysis of vari ance controlling for repeated measures (age x structure/ repeated) (Myers, 1979) . Simple main effects (age) were compared using appropriate contrasts, with all age groups being compared to adult values. In addition, with the identification of two pronounced peaks of lCMRg1c at 60 and 180 days of age, these two groups were also com pared to each other. Finally, given that the appropriate mean square error terms (Myers, 1979) were used in all comparisons, this analysis prevented any inflation of the u level, which was set at p < 0.05 for all comparisons.
RESULTS
Physiological variables
All animals maintained physiological tempera tures (36--38°C rectally) during the experiment. Ar terial blood gases (P02, pe02) and pH were also in the physiological range.
Plasma glucose, (3-hydroxybutyrate, and lactate values
Mean ± SD plasma concentrations of glucose, BHB, and lactate are provided in Table 1 . Plasma glucose concentrations were measured in all 54 an imals since these values were required for the cal culation of lCMRglc. Values ranged from 1.0 to 2.56 mg/ml in 52 of the 54 animals. In two cats (both 180 days old), plasma glucose concentrations were 3.06 and 3. 16 mg/ml. Since plasma BHB and lactate as well as final values of ICMRg lc in these two animals were not significantly different from the remaining four animals at the 180-day time point, we elected to include the two relatively hyperglycemic animals in the study. Plasma glucose concentrations did not show any significant changes with age (Table O. Plasma BHB concentrations were measured in 29 of the 47 kittens, and in 2 of the 7 adult cats (Table  O . Values ranged from 0 to 33.5 mg/dl. Concentra tions of plasma lactate were measured in 21 kittens and 2 adult cats (Table O . These values ranged from 4.5 to 49 mg/dl.
Glucose metabolic data
The relative distributions of ICMR glc for typical 7-, 6()-, and \�()-da'f-o\d kittens and adult cats are shown in Fig. 2 . The developmental trends of \CMRg\c for various sensory and motor systems and other selected structures are illustrated in Fig. 1 . Absolute values of lCMRg lc for all 50 brain struc tures, as well as their ratios to adult rates, at all developmental time points are provided in Table 2 .
Neonatal lCMRglc pattern. In the neonatal kitten (birth to 15 days), the pattern of lCMR glc was re markably different from that of the adult cat ( Fig.  2) . Depending upon the specific neuroanatomical region, ICMRglc values were two-to fivefold less than adult values ( Table 2 ). The following general observations were further noted: I. A relatively homogeneous pattern of glucose metabolic activity was seen at this age compared to the more mature animal. This was particularly true for the cerebral cortex, where there was little dis tinction in ICMRglc among different regions. Values of lCMRglc ranged from 0.18 to 0.44 !-Lmol min-1 g -I on day 1, with the lowest rates in various white matter regions (Table 2) . During the first 15 days of life, there was relatively little change in the pattern of glucose metabolic activity and of lCMR glc values, which were significantly lower than adult rates in 47 of the 50 regions studied (p < 0.05).
2. Subcortical structures in the neonatal kitten were more mature metabolically compared to the rest of the brain. Indeed, the subthalamic nucleus, globus pallidus (posterior halD, septum (posterior halD, substantia nigra, habenula, as well as the dor sal hippocampus and corpus callosum were consis tently among the structures closest to adult ICMRgl c values during the first 15 days of life.
3. Even within subcortical structures, there was some heterogeneity with respect to the level of glu cose utilization such that, in the newborn period, phylogenetically older subcortical areas tended to be closer in ICMRglc to their adult rates compared to newer structures. For example, in the newborn pe riod, ICMRglc in the thalamus was 36% of adult val ues compared to 28% for the caudate (Fig. 2 , Table 2 ).
Developmental changes of ICM Rg/c' Following the newborn period, dramatic changes both in the relative patterns and absolute values of ICMRglc were seen as the animal continued to mature (Figs. 1 and 2, Table 2 ). The following trends could be readily appreciated:
1. Beyond 15 days, as the animal continued to mature, considerable heterogeneity in ICMRglc be came apparent. By 30 days, ICMRglc ranged from 0.25 /-Lmol min -] g -] in white matter to 1.4 1 /-Lmol min -] g-I in inferior colliculus. By 45 days, the heterogeneity in ICMRglc values had further in creased so that values ranged from 0.32 /-Lmol min -] g -] in white matter to 1.77 /-Lmol min -1 g -] in the inferior colliculus. The highest ICMRglc values dur ing development were observed in subcortical structures related to auditory and visual systems, such as lateral and medial geniculate nuclei, and inferior and superior colliculi. Some structures that were not directly related to hearing and vision, however, also showed high ICMRglc values when heterogeneity in metabolic rates became apparent at 30 to 45 days; these included the lateral habenula and mammillary nuclei ( Table 2) .
2. For many neuroanatomical regions, a charac teristic metabolic maturational profile was observed ( Fig. 1) . Typically, following the low ICMRglc val ues in the first 15 days, a marked increase in ICMRglc occurred between 15 and 30 days. Values continued to rise after 30 days and reached a peak by 60 days. Following this first peak, many struc tures showed a slight decline in ICMRglc at 90 and 120 days. Subsequently, ICMRglc values rose again to reach a second and larger peak at 180 days. This was followed by yet another decline to reach final adult values.
3. Between 15 and 60 days, the increases in ICMRglc observed in most motor structures ap peared to occur more gradually in comparison to the rate of increase for some visual and other sen sory structures (Fig. 1) ; for example, ICMRglc val ues for the sigmoid gyrus and caudate nucleus rose steadily during this period (15 to 60 days), whereas ICMRglc for superior and inferior colliculi, as well as medial and lateral geniculate nuclei, rose more rap idly between 15 and 30 days and less rapidly be tween 30 and 60 days.
4. The developing kitten goes through a phase during which ICMRglc in many structures (see Table  2 ) exceeds adult rates; this relative hypermetabo lism first reached statistical significance (p < 0.05) for gray matter structures at 60 days in the anterior and posterior sigmoid, corpus callosum, and the as sociation cortex. Although a trend of relative hy permetabolism over adult values continued to be observed for most brain regions at 90 and 120 days, statistical significance (p < 0.05) was reached only for association cortex at 120 days. By 180 days, the ICMRglc in 46 of the 50 structures studied was sig nificantly higher than corresponding adult values (Table 2) . 5. At the 180-day peak, ICMRglc values were the highest observed during the entire developmental period. At this time, of the same 46 regions that showed significantly higher ICMRglc than adult val ues, 24 also showed significantly higher ICMRglc compared to values at the 60-day peak. Almost all of these 24 structures were telencephalic, and many were related to motor function.
DISCUSSION
The major finding in this study is that, as in hu mans studied with PET, resting values of ICMRglc for most neuroanatomical structures in the cat are age specific during development. These age-related trends in the cat include a phase of very low ICMRglc in most structures during at least the first 15 days of postnatal life. Following this period, ICMRglc in many brain areas undergoes rapid in creases to reach, or exceed, adult values by 60 days, after which there is a slight decrease in Days of Age lCMRglc observed at 90 and 120 days. A second, larger peak in lCMRglc values occurs at about 180 days, following which there is a decline to reach final adult values, which are very similar to those published by Sokoloff (1984) .
Methodological considerations
In our estimation of lCMRglc in the cat, we have used the rate constants of the 2DG model measured in the adult rat (Sokoloff et al., 1977) . This substi tution is expected to have a relatively small impact on final lCMRglc values, because in the Sokoloff operational equation (Sokoloff et al., 1977) , the rate constants appear with terms that contain exponen tials to a negative power multiplied by time. Thus, at the late times (45 min) when the animals are killed, these terms are small and variations in exact values of the rate constants cause only small errors (Huang et al., 1980 (Huang et al., , 1981 .
A second methodological issue concerns the va lidity of employing lCMRglc measurements to esti mate brain energy demand. The concern arises be cause of the ability of many species to utilize alter nate substrates (e.g., ketone bodies, lactate, and amino acids) as an energy source by the brain dur ing development (Jones, 1979; Cremer, 1982) . In the developing rat, ketone bodies contribute signifi cantly to energy expenditure by the brain, and therefore lCMRglc measurements cannot readily be used to estimate total cerebral energy demand dur ing development (Nehlig et al., 1988) . It is probably for this reason that a transient developmental stage of increased ICMRglc over adult values was not de tected in the developing rat in the study by Nehlig et al. (1988) . More recent studies by Nehlig et al. (1989) suggest that measurements of local cerebral blood flow (lCBF) are a better indicator of total ce rebral energy demand in the immature rat than lCMRglc measurements.
In the present study, plasma BHB levels were low throughout development (Table 1) . Under nor mal conditions during development, the brain in most species extracts ketone bodies in direct pro portion to their plasma concentrations (Jones, 1979; Cremer, 1982) , and exhibits a pattern of utilization that is much less regionally heterogeneous than for glucose utilization (Miller, 1986) . In the present study, even if all of the BHB available in plasma were fully utilized by the brain, the oxidative equiv alent would only be about 10% of that from glucose. Furthermore, the lowest BHB levels during devel opment in the kitten (indeed, lower than adult val ues) were at the earliest time points (1, 7, and 15 days), which is in contrast to the high plasma ke tone body levels at early developmental time points in species that utilize significant amounts of these substances for the production of cerebral energy (Jones, 1979; Cremer, 1982) . Our results, therefore, indicate that BHB is probably not of major impor tance as a fuel for brain energy production in young kittens.
Although lactate can support synaptic function in vitro (Schurr et al., 1988) and serve as a cerebral metabolic fuel in children with hypoglycemia, such as patients with glucose-6-phosphatase deficiency (Fernandes et al., 1984) , under normoglycemic con ditions in most species, the brain releases, rather than takes up, lactate (Cremer, 198 1; Fernandes et al., 1984) . In the present study, plasma lactate lev els were highest during the first 30 days of life com pared to later developmental time points and to adult cats (Table 1 ). If lactate was fu lly utilized by the brain during the first 30 days, its oxidative equivalent, compared to that from glucose, would have ranged from 13% in I-day-old kittens to ap proximately 30% in 15-day-old kittens. However, since none of the animals in this study was hypo glycemic, it is highly unlikely that lactate would have been preferred over glucose by the brain (re viewed in Cremer, 198 1).
Correlation between lCMR g lc and neurobehavioral development
Previous studies in monkeys (Kennedy et al., 1982) , humans (Chugani and Phelps, 1986; Chugani et al., 1987) , and rats (Nehlig et al., 1988) have found a relationship between a developmental in crease of lCMRglc in a particular brain structure and the emergence of behavior mediated by that struc ture. In the present studies, we also find a general relationship between metabolic and behavioral de velopment in the kitten, as discussed below.
In visual structures, ICMRglc is relatively low during the first 15 days of postnatal life, but rises threefold by 30 days ( Fig. 2A and Table 2 ). By this time, the eyelids have opened and the ocular media have "cleared" markedly (Villablanca and Olm stead, 1979) . Between 15 and 60 days, lCMRglc in the visual cortex has risen more than fivefold (Table  2) ; this marked increase in glucose utilization coin cides with the period of electrophysiological matu ration in this structure, leading to the appearance of ocular dominance columns (Zumbroich et al., 1988) . Although auditory responsiveness is present even during the first 10 days of life in the kitten, auditory development is a graded process maturing by about 4 weeks (Olmstead and Villablanca, 1980) . This agrees well with a threefold lCMRglc rise in the inferior colliculus between 15 and 30 days, and a � -- � two-to threefold rise in the medial geniculate and auditory cortex ( Fig. 2B and Table 2 ). In motor structures, lCMR g lc values are relatively low prior to 15 days. During this period, kittens are unable to walk normally (Villablanca and Olmstead, 1979) . Subsequently, when kittens begin to show increased locomotion at about 36 days of life, and climbing behavior at about 48 days (Martin and Bateson, 1985) , lCMR g lc values also increase in mo tor structures ( Fig. 2C and Table 2) , despite the fact that the animals were restrained during the 2DG study. There appears to be a more gradual increase in lCMR g lc from 30 to 60 days in motor structures relative to visual and other sensory structures (Fig.  2) . This is in accordance with the earlier behavioral development of sensory functions compared to mo tor functions in the cat (Villablanca and Olmstead, 1979) .
Overall, these metabolic-behavioral relationships further support the hypothesis proposed by Kennedy et al. (1982) that a developmental rise in resting metabolic rate of a particular neuroanatom ical structure signals the time when that structure contributes to the behavioral repertoire of the spe cies.
lCMRgIc, synaptogenesis, and plasticity
The present studies have shown that the devel oping kitten goes through a phase during which ce rebral energy demand exceeds that of the adult. Cu riously, although lCBF and lCMR g lc changes occur in an age-specific manner in the developing rat, at no time during its postnatal maturational course were ICBF (Nehlig et aI., 1989) or lCMR g lc (Nehlig et aI., 1988) values reported by the authors to ex ceed adult rates. These findings, in contrast to dra matic developmental increases in lCMR g lc or lCBF over adult values in many telencephalic structures in dogs (Kennedy et aI., 1972) , humans (Kennedy and Sokoloff, 1957; Chugani et aI., 1987) , and cats (this study), may be of evolutionary significance and merit further experimental consideration.
We have related the period of high lCMR g lc in humans (Chugani et aI., 1987) to the overproduction of synapses, and axonal and dendritic components known to occur during the first decade in human brain development (Huttenlocher, 1979; Rabinow icz, 1979; Huttenlocher and de Courten, 1987) . The protracted course of functional brain maturation characterized by the exuberant production (exceed ing adult values) of cellular connectivity, followed by the selective (experience-dependent) elimination of many surplus connections, is a general rule across many species during development (Inno centi, 198 1; Cowan et al., 1984; Easter et aI., 1985) .
J Cereb Blood Flow Metab, Vol. 11, No.1, 1991 This period of excessive connectivity is considered to be one of significant neuronal plasticity, where organizational changes can occur not only from en vironmental impact, but also as compensatory re sponses to injury (Easter et aI., 1985) .
In the kitten, most studies on synaptogenesis have focussed on area 17 in the visual system. Dur ing the immediate newborn period, synapses in area 17 are sparse (Voeller et aI., 1963; Winfield, 1981) and lCMR g lc values are low ( Table 2) . Subse quently, a rapid rise in synaptic density is seen, with a peak occurring by about 70 days postnatally (Winfield, 198 1, 1983) . This period of rapid synaptic proliferation is in good agreement with the period of rapid lCMR g lc increase in the visual cortex, reach ing an initial peak at about 60 days ( Fig. 2A and Table 2 ). The period of rapid synaptogenesis in the visual cortex between 8 and 37 days in Cragg's study (1975) is also consistent with a fourfold in crease in lCMR g lc between 15 and 30 days in our study.
Golgi studies in the visual cortex of a number of species have also shown that shortly after birth there is a period characterized by excessive den dritic spines (Fifkova, 1970; Feldman and Dowd, 1975; Boothe and Lund, 1976; Ruiz-Marcos and Valverde, 1976) . Following this, there is significant loss of dendritic spines and synapses. Since the ma jor portion of glucose metabolism in the brain goes towards the maintenance of resting membrane po tentials (Mata et aI., 1980; Kadekaro et aI., 1985; Nudo and Masterton, 1986) , it is not surprising that the developmental phase characterized by an ex cess number of processes corresponds to that of highest lCMR g 1c -In the kitten, the period of excessive connectivity during development is also associated with a high degree of brain plasticity (Morest, 1969) . This has been particularly well studied in the feline visual system, where following about day 70, when the gradual elimination of excessive cellular processes and connections actively takes place, one also sees diminishing plasticity of the visual cortex (Barlow, 1975; Hirsch and Leventhal, 1978; Sherman and Spear, 1982) .
The "critical period" of development for the cat visual cortex, ranging from 4 weeks to about 3 months of life, is characterized as a period when various experimental manipulations (e.g., monocu lar deprivation by suturing one eyelid closed) can cause neuroanatomical changes resulting in altered connectivity (Hubel and Wiesel, 1970; Spinelli et aI., 1972) . This window of neural plasticity corre sponds well to that segment of the lCMR g lc devel opmental curve between the onset of rapid increase in lCMR g lc (15-30 days) and the beginning of a downward trend in lCMR g 1c (60--90 days) after reaching the initial 60-day peak. Therefore, at least for the feline visual cortex, the end of the critical period corresponds to that portion of the lCMR g lc developmental curve where lCMR g lc begins to de cline after reaching its first peak from previously low neonatal values ( Fig. 2A) .
This relationship is also seen in the lCMR g lc de velopmental curve for humans (Chugani et aI., 1987) , where at about 8-10 years of age, lCMR g lc in many cortical regions begin slowly to decline, cor responding to the phase of synaptic elimination and dendritic pruning (Huttenlocher, 1979; Hutten locher and de Courten, 1987) . Clinically, this point roughly corresponds to the age following which there is a notable decrease in physiological (envi ronment -induced) plasticity, as well as diminished recovery of function due to cerebral injury in chil dren (Basser, 1962; Lenneberg, 1967; Curtiss, 1977, 198 1; Awaya, 1978; Vaegan and Taylor, 1979; Marg, 1982; Newport and Supalla, 1990) .
Second metabolic peak
The highest lCMR g lc values observed during the entire developmental period occurred at about 180 days, when lCMR g lc in 46 of the 50 structures stud ied was significantly higher than corresponding adult values (Table 2) . This occurs at a time well beyond the period of maximal brain plasticity in cat brain (Morest, 1969; Barlow, 1975; Hirsch and Lev enthal, 1978; Sherman and Spear, 1982) .
This second increase in local metabolic demand during development was not observed in our previ ous studies of lCMR g lc with PET in humans (Chugani et aI., 1987) , possibly due to the small number of children studied. The biological signifi cance of this second metabolic peak in the cat is unclear. It is interesting to note, however, that in the cat the onset of puberty (defined as the first estrus in females and the first evidence of sexual activity in males) occurs at about 180 days of age (Kling, 1965) , corresponding to the second meta bolic peak. The complex behavioral repertoire of mating and sexual motivation involves almost the entire sexual axis being regulated by hormonal surges (reviewed in Pfaff, 1982) . Therefore, it is possible that with the onset of puberty, many re gions of the brain may show an increase in lCMR g lc from selective hormonal stimulation.
A bimodal pattern of the ICBF developmental curve was also observed by Nehlig et al. (1989) dur ing postnatal maturation in the rat; this study found that, following an initial peak lCBF at 17 days, a decline in ICBF occurred in many structures be-tween 17 and 21 days, after which there was a sec ond increase in lCBF to reach final adult values. This second increase in lCBF in the rat, however, consisted of a gradual increase from 21 days to ap proach adult values by 35 days. Since sexual matu rity in the rat is reached by about 50 to 60 days (Tilney, 1933) and ICBF determinations were not performed between 35 days and the adult stage in the study by Nehlig et al. (1989) , it is possible that a similar second peak in ICBF occurring at about 50 to 60 days may have been missed. The issues of whether such a peak exists in the rat, as well as the biological significance of the second metabolic peak so clearly shown in the present study in the cat, merit further experimental consideration.
CONCLUSION
We have described the maturational changes in ICMR g lc during development from birth to adult hood in the cat, and have related these changes to neurobehavioral developmental milestones. In ad dition, we have attempted to correlate lCMR g lc mat urational trends with synaptogenesis and the period of maximal brain plasticity in the cat. If established, such a relationship would have profound implica tions, since it would allow for the noninvasive de termination of the window of developmental plas ticity for various brain structures in children using PET. Based on the present and our previous studies (Chugani et aI., 1987) , we offer the general hypoth esis that the onset of diminishing plasticity for a specific brain region or system can be identified by that age when its resting lCMR g lc begins to show a developmental decline from previously excessive levels, provided that glucose is the major cerebral energy source within that species. This hypothesis will be tested in lesion experiments on developing kittens using our cerebral hemispherectomy model, where anatomical, metabolic, and behavioral mea surements can be compared.
